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Description 

[0001] The invention relates generally to a method and apparatus for rotary actuator arc compensation correction 
in a direct access storage device (DASD). 

5 [0002] Computers often include auxiliary memory storage units having media on which data can be written and 
from which data can be read for later use. Diskdrive units incorporating stacked, commonly rotated rigid magnetic disks 
are used for storage of data in magnetic form on the disk surfaces. Data is recorded in concentric, radially spaced data 
information tracks arrayed on the surfaces of the disks. Transducer heads driven in a path toward and away from the 
drive axis write data to the disks and read data from the disks. 

to [0003] All DASD units must have a method to position each data head over the proper radial location to write a track 
and again, to position it very close to the same location to read the track. With the higher level files using a voice coil 
type of actuator, a feedback mechanism must be provided to locate and stably hold the head on a given track Typically, 
track accessing and track following is provided utilizing a magnetically written pattern in the DASD unit. A dedicated 
servo system employs one surface of one of the disks in the DASD on which to have all the tracking and access infor- 

75 mation. A sector servo system uses small portions of tracks between each or between several sectors on each track of 
each data surface to provide the tracking and access information. A hybrid servo system uses both to obtain advan- 
tages of each type of servo. 

[0004] The degree of tracking accuracy, i.e., the ability of the actuator servo to keep the head position discretely 
over the track, is governed by two factors. One factor is spacial (space), the other is temporal (time). The spacial factor 
20 corresponds to the number of servo sectors N around the track, which is a function of the linear recording density and 
the fixed block data format. The temporal factor corresponds to the time between servo sectors or the sampling period, 
which is controlled by the rotational disk velocity (RPM). 

[0005] Track misregistration (TMR) error can be separated into two major components, repeatable or synchronous 
with disk rotation and non-repeatable or asynchronous with disk rotation. Tiie repeatable TMR component, which can 

25 be large in case of a disk slip, can be reduced by correction compensation. A correction for radial track misregistration 
(TMR) versus radius is required for a DASD with a rotary actuator when tracks are written approximately uniformly on 
the rotary arc rather than in the radial direction. Both the gain and phase effects with radius should be compensated. 
Both gain and phase effects with radius produce comparable amounts of TMR error in the system. 
[0006] In DASD with a rotary actuator, the head does not move in a radial direction. For many disk drives, the skew 

30 angle of the head has the back end of the head further out on the disk than the front when the head is at the inner 
radius. The skew gets progressively larger at larger radii. This is used to advantage in the drives by writing the tracks 
nearly uniformly on the arc that the head transverses from the inner radius to the outer radius. Due to the larger skew 
angles, the written tracks are physically smaller near the outer radius than near the inner radius. The positioning of the 
tracks on the arc causes the radial track pitch to be smaller at the outer radii than at inner radii, which is consistent with 

35 the smaller written tracks. 

[0007] A radial movement of a disk, such as that due to disk slip, or other vibrations producing an apparent out-of- 
round for the track, moves the disk the same physical distance at any radius. However, in the servo system, the distance 
is measured in fractions of a pitch. Typically this distance is in 1/512 of a customer track pitch. Since the head is moved 
at the skew angle for a given radius, the head must be moved further than the radial movement of the disk, and this 

40 amount is more significant at the outer radii where the skew angle is larger than at inner radii. 

[0008] As a result, any compensation for radial TMR that is determined at one radius in a given number of units in 
the servo system will not be the same value at other radii. For example, a difference between the outside diameter (OD) 
and the inside diameter (ID) can be about 7%. At progressively higher track density this has some significance as an 
error in the corrections. Also, when a prewritten servo disk is used, there can be significant repeatable runout, thus 

45 increasing the magnitude of the error. 

[0009] In known diskf iles which used dedicated servo control, it was necessary to add a reference profile to correct 
for runout due to disk slip or relative thermal motion between each head and the corresponding tracks on the data sur- 
face. These reference profiles, measured for each data surface, would have been correct rf a linear actuator was used, 
since a linear actuator will normally follow a radial trajectory on a disk On the other hand, a rotary actuator follows an 

so arc rather than a radial line on the disk, thus there will be a phase error between the track where the runout was meas- 
ured and any other track. 

[001 0] Known feedforward or profile compensation techniques used for rotary actuators to correct for runout or disk 
slip have a systematic error, for example, such as, up to 10% of the runout for 3.5" DASD caused by the arc made by 
the product head. A disk slip and/or imbalance will occur in a radial direction, and not along the head arc, thus the meas- 
55 ured profile will only be correct at the track or cylinder of measurement. All other tracks will have an incorrect profile for 
optimal runout compensation. 

[0011] IBM Technical Disclosure Bulletin Vol. 31. N°8, 01/89 pages 453-454 .runout comp nsator for disk file, 
describes a simple implementation of a feed forward runout compensation circuit useful in reducing repeatable runout 
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errors in the track-following system or focus servo system of an optical disk file, or in the track-following system of a 
magnetic recording disk file. The basic function of the system is to generate a sinewave at the revolution frequency of 
the disk and adjust the phase and magnitude of this feed forward signal to minimiz the residual runout error signal. 
[0012] International patent application WO 89/02644 entitled .Least Squares Method and Apparatus for Determin- 

5 ing Track Eccentricity of a Disk. (Marvin Estes) discloses a transducer head. Said head, held in a fixed position as a 
Preformatted disk, is rotated a full revolution, reads any sector address accessible to the head. The addresses read 
come from a plurality of track revolutions that depend on the magnitude of the eccentricity of the disk. A computer, pro- 
grammed with a least square algorithm, first coordinates data corresponding to the angular position of the disk each 
time an address is read, with data corresponding to the actual radius of each address. The computer then transforms 

w the array of data coordinated into a sinusoidal track eccentricity compensating signal of the form D cos (wt + E) where 
the amplitude D is a constant computed from the least squares algorithm corresponding to the distance between the 
center of the disk and its rotational axis, the phase E, which is also a constant computed by least squares, corresponds 
to the angle the center of the disk is from an angular reference position, and wt is a variable equal to the product of disk 
angular speed and time. 

is [0013] Important objects of the present invention are to provide a method and apparatus for rotary actuator arc 
compensation correction in a direct access storage device; to provide such method and apparatus that compensates 
for a small predefined number of servo sectors around a revolution of a disk; and to provide such method and apparatus 
substantially without negative effects and that overcome many of the disadvantages of prior art arrangements. 
[0014] In brief, the objects and advantages of the present invention are achieved by a method and apparatus for 

20 providing rotary actuator arc compensation correction in a direct access storage device (DASD). A reference feedfor- 
ward correction signal is generated at each of a plurality of sectors around a predetermined track on a disk surface. A 
specific selected track is identified, and both magnitude and phase of the generated reference feedforward correction 
signal are modified to correct for the arced trajectory caused by the rotary actuator at the specific selected track. 
[001 5] In accordance with another feature of the invention, an improved actuator servo control is provided by using 

25 pseudo sector compensation to interpolate the feedforward correction signal between physical servo sectors. 

[0016] The present invention together with the above and other objects and advantages may best be understood 
from the following detailed description of the embodiments of the invention illustrated in the drawings, wherein: 

FIG. 1 is a schematic and block diagram of a data storage disk file embodying the present invention; 

30 

FIG. 2 is a diagram showing the accessing mechanism for a single disk surface of the apparatus of FIG. 1 ; 

FIG. 3 is a diagram illustrating apparatus for carrying out the rotary arc compensation correction methods accord- 
ing to the present invention in the data storage disk file of FIG. 1 ; 

35 

FIG. 4 is a chart illustrating feedforward correction angles relative to logical track addresses; 

FIG. 5 is a chart illustrating normalized runout amplitude relative to sector index n at the inside diameter (ID) and 
at the outside diameter (OD) shown in dotted line; 

40 

FIG. 6 is a chart illustrating normalized runout error due to phase shift between the inside diameter (ID) and the 
outside diameter (OD) relative to sector index n; and 

FIG. 7 is a chart illustrating simulated runout correction relative to pseudo sector index m. 

45 

[001 7] In FIG. 1 there is shown a partly schematic block diagram of parts of a data storage disk file 1 0 including a 
data storage medium generally designated as 12 and a control unit generally designated as 14. In the preferred embod- 
iment of this invention, the data storage medium 12 is embodied in a rigid magnetic disk drive unit 12, although other 
mechanically moving memory configurations may be used. Unit 12 is illustrated in simplified form sufficient for an under- 
so standing .of the present invention because the utility of the present invention is not limited to the details of a particular 
drive unit construction. 

[0018] Refening now to FIGS. 1 and 2 of the drawings, disk drive unit 12 includes a stack 16 of disks 18 having at 
least one magnetic surface 20. The disks 18 are mounted in parallel for simultaneous rotation on and by an integrated 
spindle and motor assembly 26. Data information on each disk 18 are read from and/or written to by a corresponding 
55 transducer head 28 movable across the disk surface 20. 

[0019] Transducer heads 28 are mounted on flexure springs 30 carried by arms 32 ganged together for simultan - 
ous pivotal movement about a support spindle 34. One of the arms 32 includes an extension 36 driven in a pivotal 
motion by a head drive motor 38. Although several drive arrangements are commonly used, the motor 38 can include 
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a voice coil motor 40 cooperating with a magnet and core assembly (not seen) operatively controlled for moving the 
transducer heads 28 in synchronism in a radial direction in order to position the heads in registration with data informa- 
tion tracks or data cylinders 42 to be followed and access particular data sectors 44. Data storage disk file 10 is a mod- 
ular unit including an enclosure or housing 46. The various components of the disk file 10 are controlled in operation by 

5 signals generated by control unit 1 4 such as motor control signals on line 26A and position control signals on line 38A. 
[0020] Numerous data information tracks 42, each at a specif ic radial location, are arrayed in a concentric pattern 
in the magnetic medium of each disk surface 20 of data disks 18. A data cylinder includes a set of corresponding data 
information tracks 42 for the data surfaces 20 in the data storage disk file 10. Data information tracks 42 include a plu- 
rality of segments or data sectors 44, each for containing a predefined size of individual groups of data records which 

10 are saved for later retrieval and updates. The data information tracks 42 are disposed at predetermined positions rela- 
tive to a servo reference index. In FIG. 2 one sector 44 is illustrated as SECTOR 0 with a fixed index or mark INDEX for 
properly locating the first data sector. The location of each next sector 44 is identified by a sector identification pulse 
(SID) read by transducer heads 28 from surfaces 20. 

[0021] In accordance with the invention, systematic error can be effectively eliminated for each individual track 
15 using a very simple algorithm to yield optimal tracking performance for each individual data surface. The method simply 
modifies the Fourier coefficients as functions of the track position to obtain the correct runout compensation for a spe- 
cific track before the inverse Fourier transform is taken. 

[0022] Referring now to FIG. 3 there is shown a block diagram illustrating rotary arc compensation correction appa- 
ratus generally designated 50. A servo processor 52 provides a control signal to a digital-to-analog converter (DAC) 54 

20 coupled to a current driver 56. Current driver 56 provides a control current to a rotary actuator 58 for moving the trans- 
ducer heads 28 of a R/W channel 60. Detected position data indicated at a block 62 is coupled to the servo processor 
52. Feedforward control block 64, coupled to the servo processor 52, provides control information for both magnitude 
and phase compensation correction versus track number or change in radius and for pseudo sector correction compen- 
sation. For proper compensation of feedforward signals to the file, both the magnitude and phase of the correction must 

25 be compensated versus the track number or change in radius. 

[0023] Referring to FIG. 2, the angle <x(r) defined by A-O-X, where X is the intersection between a circle of radius r 
centered at O and the arc B-C can conveniently be found from the Law of Cosines. This angle is referred to as a(r). 
[0024] "me cosine to a(r) is given in Equation 1 below: 

R b 2 + r 2 -R a 2 

cos«(r) = grRb (1) 



35 



45 



50 



[0025] The cosine to the angle cc(Ro) is found by substitution of r » R 0 in Equation 1 above, giving: 

R h 2 + R 2 -R 2 



"^■ ' b 2R b °R 0 S (2) 

40 [0026] It can be shown that the difference angle 0(r) between <z(r) and a(Ro) can be approximated by the simple 
algorithm derived from simulations: 

0(r)-^[1-^^](Ro-O O) 



[0027] Let L be an arbitrary logical cylinder number corresponding to a cylinder of radius r, and let Uo be the total 
number of cylinders in the data band defined by (Rq - R|). Furthermore, let L be equal to zero for r =R 0 , and L =L G for 
r = R j . It is now possible to express Equation 3 in terms of L as 

e(L) = K1[1- j ^ l -]L (4) 



55 where coefficients K 1f K 2 and K 3 are given by 
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L o"b 



s R 2 -R 2 

K * bL «R 0 (R o -R,) (6) 

and finally 

10 

K3 = L °(R7^) (7) 

15 [0028] For a certain 3.5" drive with R a = 52 mm, ^ = 57 mm, R 0 = 45.52 mm, R } = 20.68 mm, and at a track density 
of 3300 tpi, the total number of data tracks Lq = 3227. The values for the Ks are K-j = 7.603 X 1 0-5, K 2 = 1 555.4 and K 3 
= 5913.6. TTie corresponding angles a(Ro) and a(Rj) are 59.71° and 65.63°, respectively. The difference angle at the 
inner cylinder, i.e., cylinder 3227, using the approximation formula in Equation 4 yields 0(Lq) = 5.9189° compared to the 
correct value of 5.9195°. This corresponds to a maximum error of about 0.01%. 

20 [0029] Nonlinear phase error is only a function of the hard disk drive geometry as illustrated in FIG. 2. rt is therefore 
a predictable and systematic error and can be calculated within a very small margin for any logical cylinder L using 
Equation 4. 

[0030] Assume for example that the runout is measured for each of N sectors at the outer track (OD) and let us des- 
ignate the measured by x(n), where n is an integer n = 0, 1 N - 1 . Furthermore, assume that the first harmonic runout 

25 component x-j(n) is extracted from the OD measurement x(n). This can easily be done by Fourier Harmonic Filtering. 
Let the Discrete Fourier Transform (DFT) of x(n) be 

X(k) = A(k)+jB(k) (8) 

30 where A(k) and B(k) are the real and imaginary Fourier coefficients, respectively. The index k takes on integer values k 
= 0,1 N-1. 

[0031 ] Considering that the fundamental runout component x^ (n) corresponds to k ■ 1 , then it can shown that 
35 x^nJ^^IACIJcosWon-BOJsinw^] (9) 

n-1 

A(1)=£x(n)cosw 0 n , 00) 

n»0 

40 

and 

N-1 

45 B(1) = - £ x(n) sin w 0 n (1 1) 

[0032] It can be shown that for ®(L) « 1 radian, which is the case here, that the phase corrected feedforward corn- 
so pensated first harmonic runout signal x^n.L) can be approximated by the equation 

x^n.L) = ^ [C(1.L) cos w 0 n - D(1,L) sin w c n] (12) 

55 

where the first harmonic phase corrected Fourier coefficients for cylinder (track) L C(1 ,L) and D(1 ,L) are 

C(n,L) = A(1) + 0(L) B(1) (13) 
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D(n,L) = B(1)-0(L)A(1) (14) 

[0033] The first harmonic phase corrected Fourier coefficients C(1 ,L) and D(1 ,L) in Equations 13 and 14 are easily 
calculated from Equations 4, 1 0 and 1 1 . 

5 [0034] Application of the phase corrected f edforward runout signal x(n,L) in Equation 1 2 for an arbitrary cylinder L 
will optimize the feedforward compensation and reduce the systematic error to near zero.ln accordance with another 
feature of the invention, a simple quadratic correction for amplitude corrected feedforward compensation as follows can 
provide excellent fit to the actual curve, making an assumption that the angles are small and the curve fit is for a small 
range. First, the radial pitch equals the pitch on the arc multiplied by the cosine of the skew angle. The cosine is the 

10 square root of 1 -sine 2 . The sine of the skew angle is approximately the skew angle in radians. The skew angle can be 
approximated by using an offset and an amount proportional to a radial distance. Then, even though the track pitch var- 
ies somewhat, a radial distance is related approximately linearly to a number of cylinders. 

[0035] Now, let Nc = logical cylinder number, where Nc = 0 on the outer track, and Nc = 41 18 on the inner track. 
Also, for reference, Nc = 3002 at the switch radius where the skew angle is 1 1 .27 degrees. 
15 [0036] With the previous approximations, the cosine of the skew angle is approximated as: 

cos(skew) = 1 - ((N1 - Nc)/N2) 2 (1 5) 

where N1 is the offset, and N2 is a scaling constant. 

20 

For Nc = 0 at SKEW = 22.36 degrees 
Nc = 41 18 at SKEW = 6.57 degrees 
Then N1 = 5831 , and N2 = 21 144 

25 [0037] Then using: 

[0038] Pitch(approx) = 6.23 urn (1 -((N1 - Nc)/N2) 2 and comparing to actual values we have: 



30 


RADIAL POSITION 


ACTUAL RAD.PITCH 


PITCH(approx) 




Inner Radius 20.68 mm 


6.19 urn 


6.19 urn 




Switch Point 27.50 mm 


6.11 urn 


6.12 urn 


35 


Outer Radius 45.52 mm 


5.76 urn 


5.76 urn 



[0039] Note that for a given radial distance of repeatable runout (RRO), the number of servo counts is inversely pro- 
portional to the radial pitch. 

[0040] If RRO counts are measured at track zero (at Ro in FIG. 2), then the RRO counts at another cylinder are 
40 defined as follows: 

N2' - Nl 2 

RRO Error Counts=RRO Error Counts x (16) 

(CYLINDER Nc) (CYLINDER 0) N2' - (Nl - Nc) 2 



[0041 ] If desired, the factor on the right can be further simplified by the series for the reciprocal, using only up to the 
second order term in the numerator. Also, moderate improvement is provided using only up to the linear term in the 
series. 

[0042] Following is a Table 1 listing a more complete calculation of the effect of a uniform track density on the arc, 
55 which generates a nonlinear variation with radius. The ACTUATOR ANGLE in degrees is the angle from the actuator 
axis to disk axis line, and to the actuator axis to th head gap line. For this example, the distanc from the actuator axis 
to disk axis is 56.50 mm. The distance from actuator axis to gap is 55.00 mm. These distances along with the radius 
describe a triangle, and the Law of Cosine relates the angles to the sides. The distance along the arc is assumed to be 
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linearly proportional to the track number. The inner track radius, outer track radius and number of tracks defines the 
track pitch on the arc. This geometry is also used to calculate the circumferential phase error. This was taken with the 
zero reference at track zero, which is at the outer data radius. The phase error is the change in the radial line to the head 
gap compared to the line with the head at the outer track. 
5 [0043] The CORRECTION-ACTUAL column is th reciprocal of the COSINE of the head skew angle. This is the 
factor applied to the servo counts to move the same distance compared to the straight radial distance. If a measurement 
is taken at one radius, the amount to move at a second radius can be obtained by dividing by the factor for the first 
radius and multiplying by the factor for the second radius. 

[0044] The CORRECTION-APPROX is a quadratic approximation of the correction from the previous column, fitting 
10 the 000 track, the 41 34 inner track, and the 2067 middle track. There is a 7.4% difference between the inner and outer 
values, so a fixed fraction of a track runout correction would lead to a 7.4% error on the opposite end of the band. Note 
that the simple quadratic fit has a very small maximum error of 0.00019. 

[0045] However, even rf the radial magnitude of a correction is perfect, it will not have the right result rf it is not 
applied at the correct phase angle of the disk's rotation. Note in table 1 that the PHASE ERROR has a range of 1 1 .05 
15 degrees. If a perfect correction for the inner track were applied with the phase from the outer track, there would be a 
residual error of 19% of the correction. 

[0046] The last column shows a quadratic approximation of the phase error. The selection of coefficients here left 
a maximum error of 0.15 degrees. With this correction, the residual maximum error would be about the sine of this 
angle, or 0.0026 or about 1/4%. 

20 [0047] This calculation was obtained assuming the track density was perfectly uniform on the arc. This is a fair 
approximation. However, providing some variation of track density on the arc allows packing the tracks a little more 
tightly where there is better performance, thereby obtaining a little more capacity. In general, the center of the band can 
be packed 2 or 3 percent more than the ends and then applied in an approximate quadratic variation. Although the fol- 
lowing table 1 does not take this effect into account, it would only require a slight change in the coefficients to include 

25 it. Thus we could also compensate for this added variation. 



Table 1 



30 



35 



40 



45 



55 



TRACK N 


ACTUATOR 
ANGLE deg 


RADIUS mm 


CORREC- 
TION ACTUAL 


CORREC- 
TION 
APPROX 


PHASE 
ERROR (deg) 


PHASE ERROR 
APPROX 


000 


48.17 


45.52 


1.0813 


1.0813 


0.00 


0.00 


200 


46.87 


44.37 


1.0760 


1.0760 


0.59 


0.59 


400 


45.57 


43.20 


1.0708 


1.0709 


1.19 


1.18 


600 


44.28 


42.04 


1.0658 


1.0660 


1.78 


1.76 


800 


42.94 


40.87 


1.0611 


1.0612 


2.36 


2.33 


1000 


41.68 


39.69 


1.0565 


1.0566 


2.94 


2.90 


1200 


40.38 


38.51 


1.0520 


1.0522 


3.52 


3.47 


1400 


39.08 


37.32 


1.0478 


1.0480 


4.10 


4.02 


1600 


37.79 


36.13 


1.0437 


1.0439 


4.66 


4.58 


1800 


36.49 


34.94 


1.0398 


1.0400 


5.23 


5.12 


2000 


35.19 


33.74 


1.0361 


1.0362 


5.78 


5.67 


2200 


33.89 


32.53 


1.0325 


1.0326 


6.33 


6.20 


2400 


32.59 


31.32 


1.0291 


1.0292 


6.88 


6.73 


2600 


31.30 


30.11 


1.0259 


1.0260 


7.41 


7.26 


2800 


30.00 


28.89 


1.0228 


1.0229 


7.93 


7.78 


3000 


28.70 


27.67 


1.0199 


1.0200 


8.45 


8.29 


3200 


27.40 


26.45 


1.0172 


1.0172 


8.95 


8.80 


3400 


26.10 


25.22 


1.0146 


1.0146 


9.44 


9.30 
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Table 1 (continued) 



5 



TRACK N 


ACTUATOR 
ANGLE deg 


RADIUS mm 


CORREC- 
TION ACTUAL 


CORREC- 
TION 
APPROX 


PHASE 
ERROR (deg) 


PHASE ERROR 
APPROX 


3600 


24.81 


23.99 


1.0122 


1.0122 


9.90 


9.80 


3800 


23.51 


22.76 


1.0100 


1.0100 


10.36 


10.29 


4000 


22.21 


21.53 


1.0079 


1.0079 


10.78 


10.78 


4134 


21.34 


20.70 


1.0066 


1.0066 


11.05 


11.10 



[0048] FIG. 4 is a chart illustrating feedforward correction angles relative to logical track addresses, taking for an 
example a 3.5" drive with Ra = 52 mm, Rb = 57 mm.Ro = 45.52 mm, Rj = 20.68 mm, and at a track density of 3300 tpi. 
75 FIG. 4 shows the required magnitude of the required correction angle 0(L) as a function of the logical track address L. 
It can be seen that the maximum error occurs at L-2900. Note that the phase error is non-linear; and therefore, it is more 
complicated to provide phase compensation correction. 

[0049] FIG. 5 is a chart illustrating normalized runout amplitude relative to sector index n at the inside diameter (ID) 
and at the outside diameter (OD) shown in dotted line. Seventy-six servo sectors are assumed for this example and in 
20 FIG. 6. In terms of the first harmonic runout measured for the servo sectors at the outer track radius R<> and the inner 
track radius R it there is a leading phase shift of 5.9° as measured at the inner track radius. This phase shift is clearly 
evident in FIG. 5, which shows normalized runout amplitudes at the extreme cylinders. The difference between the 
runout amplitudes in FIG. 5 is shown in FIG. 6. 

[0050] FIG. 6 is a chart illustrating normalized runout error due to phase shift between the inside diameter (ID) and 
25 the outside diameter (OD) relative to sector index n. This is the normalized feedforward error between inner and outer 
tracks. It can be seen from FIG. 6 that this error is about 10% of the runout amplitude in FIG. 5. 
[0051 ] In accordance with another feature of the invention, much better actuator servo control and improved TMR 
is provided by interpolating between a sparse number of servo sectors to yield many more feedforward outputs. Typi- 
cally there are 60-90 servo sectors per track. For a given linear density and data blocking format, the number of servo 
30 sectors per track decreases linearly with decreasing form factors (FF). This can be seen from Table 2 below. 



Table 2 



35 



40 



45 



Servo Sector Number for Small FF DASD at 
Fixed Linear Density 


FORM FACTOR 


SERVO SECTORS n 


3.5" 


76 


2.5" 


54 


1.8" 


39 


1.3" 


28 


1.0" 


21 



50 



[0052] While usually a smaller 1 .0" drive spins much faster than a 3.5" drive to keep the recording heads flying, 21 
sectors per track provides inadequate spacial resolution to maintain good tracking at high track densities. Thus, the 
method of the invention provides more spatial resolution without increasing the servo sector overhead on the disk sur- 
face. 

[0053] First consider where w^ the discrete frequency for N servo sectors is expressed as 



w =^ 
0 N 



07) 



55 



[0054] The cos w^ and sin w^, used in the above Equations 12, 13, and 14 are generated by a simple code in the 
servo microprocessor 52. Note that Equations 10 and 1 1 ar only updated during periodic measurements that may be 
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a function of the ambient conditions, while Equation 12 is being used continuously. 

[0055] Assume now that we modify Equation 12 by changing the discrete frequency to a lower discrete fre- 
quency w1 . Let this frequency be 

w 1 =^,M>N (18) 



where M is the number of virtual or pseudo sectors (M > N). Let m be the pseudo sector index such that 0 ^ m <, M - 1 
10 so that Equation 1 2 can be modified to yield the estimated fundamental feedforward compensation. 

x ! (m,L)=^[C(1 ,L) cos w 1 m-D(1 ,L) sin w ^.O^M-1 (19) 

75 

[0056] If M = P x N where P is an integer, then there will be (P - 1) pseudo correction samples generated by Equa- 
tion 19 between each of the N physical servo sectors. 

[0057] Referring to FIG. 7, there is shown an arbitrary normalized runout correction for a hypothetical 1 .0" form fac- 
tor DASD with N = 21 sectors indicated by squares and M = 63 pseudo sectors (P = 3) indicated by asterisks. If the 1 .0" 

20 file only compensated for repeatable runout for every physical servo sector (see squares) then the correction signal 
which is generated by a zero-order-hold (ZOH) or the digital-to-analog converter (DAC) 54 would be rather coarse 
around the zero crossings of the sine wave. The pseudo sector compensation (see asterisks) provides much better res- 
olution. The increased resolution provides a smoother control signal for the actuator 58 and thus reduces the excitation 
of actuator and suspension resonances. This would be the case for seek, settle, and track follow operational modes. 

25 [0058] The number of pseudo sectors M is arbitrary and can be considered to be variable. For example, during data 
recovery procedures (DRP) the number of pseudo sectors M can be increased to provide better tracking. The phase 
corrected feedforward compensation as given by Equation 1 9 advantageously can be implemented in a separate mod- 
ule for complete freedom in the selection of M. This will minimize the impact on the regular actuator servo code. 
[0059] It should be understood that this method can be used to reduce the number of physical servo sectors on 

30 larger form factor drives to yield more disk real estate for customer data. This would be the case for drives that have 
larger repeatable TMR components compared to non-repeatable TMR. 

[0060] In brief summary, features of the invention include: Phase correction is provided for feedforward runout com- 
pensation due to recording heads arced trajectory caused by rotary actuator. Amplitude or magnitude correction also is 
provided for feedforward runout compensation. Using pseudo sector compensation by measuring runout using N phys- 

35 ical sectors and estimating runout compensation for M pseudo sectors per track per surface where M > N yields a 
smoother feedforward control and enables improved TMR and higher track densities. Only two RAM locations for each 
head are required for periodic updating of algorithms, i.e., A(1) and B(1), Equations 10 and 1 1 . Rotary arc compensa- 
tion correction can be utilized in various known feedforward compensation arrangements used with rotary actuators, 
e.g., an iterative feedforward method. The efficient non-linear correction algorithms enable a micro-code implementa- 

40 tion. Rotary arc compensation correction can be used for all servo methods used with rotary actuators, e.g., dedicated 
servo, hybrid or dedicated plus reference track servo and sector servo. Also, existing disk files can be retrofitted by a 
simple micro-code change to take advantage of the tracking improvements. 

Claims 

45 

1 . A method for providing rotary actuator arc compensation correction in a disk storage device, comprising the steps 
of: 

• generating a reference feedforward correction signal at each of a plurality of sectors around a predetermined 
so reference track on a disk surface, said reference feedforward correction signal varying periodically as a func- 
tion of angular position of the disk; 

• identifying a specific selected track; 

• calculating the change in the radial line to a transducer head at said specific selected track compared to the 
radial line with the transducer head at the predetermined reference track; 

55 • modifying both magnitude and phase of said generated reference feedforward correction signal responsive to 
said identified specific selected track according to the calculated change in radial line. 

2. The method according to claim 1 wherein, said step of modifying both magnitude and phase of said generated ref- 
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erence feedforward correction signal includes the step of calculating : 

Xl (n, L) = |[C(1,L)cosiy 0 n-D(1 t L)siniv 0 n] 

5 where : 

n is equal to sector number; 
L is equal to logical track number; 
• N is a constant which represents the total number of sectors in a single track; 
10 • w 0 is the discrete frequency. 

where the first harmonic phase corrected Fourier coefficients for track L C(1 ,L) and D(1 ,L) are : 

C(1,L) = A(1) + 0(L)B(1) 

75 

D(1,/_) = B(1)-0(L)A(1) 

where A(1) and B(1) are real and imaginary Fourier coefficients for said measured runout error and 0(L) is a differ- 
ence angle between a transducer head angle at the predetermined track on a disk surface and at the specific 
20 selected track 

The method according to claim 1 or 2 wherein it further includes the step of calculating : 
X 1 ( m - /-)=l^[C(1 i /-)cosw 1 n-D(1 ( Lsiniv 1 m] ,0^m^/W-1 



where M = P xN , where P is ah integer for generating (P-1) pseudo correction samples between each of the N 
physical servo sectors around the track on the disk surface. 

30 

4. The method according to anyone of the preceding claims wherein it further includes a step for storing A(1) and B(1) 
values for each transducer head in the disk storage device. 

5. Apparatus for carrying out the method for Providing a feedforward correction signal to a drive mechanism of a rotat- 
35 able actuator in a disk storage device according to anyone of the preceding claims. 

Patentanspruche 

1 . Ein Verfahren, urn die Bogenkompensationskorrektur eines Drehantriebs in einem Plattenspeicher bereitzustellen, 
40 wobei das Verfahren Schritte enthait, urn 

• ein Referenz-Vorwartskorrektursignal in jedem Sektor von einer Vielzahl von Sektoren fiber den Umfang einer 
zuvor bestimmten Referenzspur auf einer Plattenoberfiache zu generieren, wobei das Referenz-Vorwartskor- 
rektursignal als eine Funktion von der Winkelposition der Platte periodisch variiert; 

45 

• eine spezrf ische, ausgewahlte Spur zu identrf izieren; 

• die Veranderung in der radialen Linie zum MeBwertwandlerkopf in dieser spezif ischen, ausgewahlten Spur zu 
berechnen, wobei die radiale Linie mrt dem MeBwertwandlerkopf in der zuvor bestimmten Referenzspur ver- 
so glichen wind; 

• sowohl GroBe und Phase dieses generierten Referenz-Vorwartskorrektursignals zu andern, das auf die iden- 
trftzierte. spezrfische, ausgewahlte Spur gemaB der kalkulierten Veranderung in der radialen Linie reagiert. 

55 2. Das Verfahren gemaB Anspruch 1 , wobei dieser Schrrtt, bei dem sowohl Gr6Be als auch Phase von diesem gene- 
rierten Referenz-Vorwartskorrektursignal verandert werden, den Schritt zur Berechnung enthait: 



3. 

25 
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x 1 (n, L) m j- [C(1 , L)cosw 0 n-Dtf ,L)sin w 0 n] 



5 wobei 

• n gleich der Sektornummer ist; 

L gleich der logischen Spurnummer ist; 

• N eine Konstarrte ist, die die Gesamtanzahl der Sektoren in einer einzelnen Spur darstellt; 
10 • w Q die diskrete Frequenz ist. 

wobei die ersten harmonischen, phasenkorrigierten Fourier-Koeffizienten fur Spur LC (1,L) und D(1,L) sind: 

C(1, /.) = A(1) + 0(/_)B(1) 

75 

D(1,L) = B(1) + 0(L)A(1) 

wobei A(1) und B(1) echte und imaginare Fourier-Koeffizienten fOr den gemessenen Auslauffehler sind, und @ (L) 
ein Differenzwinkel zwischen dem Winkel eines MeBwertwandlerkopfs in der zuvor bestimmten Spur auf einer Plat- 
20 tenoberflache und der spezifischen, ausgewahlten Spur ist. 

3. Das Verfahren gemaB Anspruch 1 oder 2, das auBerdem den Schritt zur Berechnung enthart: 
25 XjOnU)- |[C(1,L)cos w r n-D(1 t Lsiniv r /n],0^ m <> M-1 



wobei M = P xN ist und P eine Ganzzahl ist, um (P-1) Pseudokorrekturmuster zwischen jedem der physischen n 
Servosektoren Qber den Umfang der Spur auf der Plattenoberf lache zu generieren. 

30 

4. Das Verfahren gemaB irgendeinem der vorgenannten Anspruche, das auBerdem einen Schritt enthalt, um A(1 ) und 
B(1) Werte fur jeden MeBwertwandlerkopf im Plattenspeicher zu speichern. 

5. Vorrichtung, um das Verfahren zur Bereitstellung eines Vorwartskorrektursignals in einem Antriebsmechanismus 
35 von einem Drehstellantrieb in einem Plattenspeicher gemaB irgendeinem der vorgenannten Anspruche zu spei- 
chern. 

Revendications 

40 1. Un proc6de pour assurer une compensation d'arc d'actionneur rotatif dans un dispositif de stockage sur disque, 
comprenant tes 6tapes consistant a : 

• genfrer un signal de correction a pr6compensation de reference en chacun d'une pluralite de secteurs autour 
d'une piste de reference pr§d6termin6e sur une surface de disque, ledit signal de correction a precompensa- 

4 $ tion de reference variant p^riodiquement en fonction de la position angulaire du disque; 

• identifier une piste se!ectionn£e sp6cif ique; 

• calculer la variation de la trajectoire radiale, pour une t§te de transducteur situee sur iadrte piste s§lectionnee 
so sp6cif ique, en comparison d'une trajectoire radiale, pour la tfite de transducteur se trouvant sur la piste de 

reference pr6determinee; 

• modifier a la fois Tamplitude et la phase dudit signal de correction a pr6compensation de r6f6rence gen6re, en 
r6ponse a ladite piste s6!ectionnee specifique identif iee selon la variation calculee de la trajectoire radiale. 

55 

2. Le proc6de selon la revendication 1 , dans lequel ladite etape de modification a la fois d I'amplrtude et de la phase 
dudit signal de correction a precompensation de reference genere comprend I'etape de calcul de : 
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*1 (n, Lhjji C(1 , L)cos iv 0 n-D(1 , L)sin iv 0 n] 

dans iaquelie : 
5 n est egal au nombre de secteurs; 

L est ega! au nombre des pistes iogiques; 

• N est une constante representant le nombre total de secteurs dans une piste unique; 

10 

• w 0 est la frequence discrete. 

dans lequel les premiers coefficients de Fourier corriges en phase pour le premier harmonique, et pour la piste L 
C(1,L)etD(1,L)sont: 

15 

C(1,L) = A(1) + 0(L)B(1) 
D(1,L) = b(1)-0(L)A(1) 

20 dans lesquels A(1) et B(1) sont des coefficients de Fourier reels et imaginaires pour ladite erreur de 

fauxrond mesuree et 0(L) est un angle de difference, entre un angle de tfite de transducteur sur la piste predeter- 
mine sur une surface de disque et sur la piste selectionnee specrf ique. 

3. Le procede selon la revendication 1 ou 2, comprenant en outre Petape de calcul de : 2 

25 

x1(m ( L) = ~[C(1,/.)cosyv1n-0(1,/.)sin iv1 m],0 <, 



30 expression dans Iaquelie M = P X N , P etant un entier, pour generer (P-1) echantillons de pseudo-correction entre 
chacun des N secteurs d'asservissement physiques autour de la piste sur la surface du disque. 

4. Le procede selon I'une quelconque des revendications precedentes, comprenant en outre I'etape de stockage des 
valeurs A(1) et B(1) pour chaque tete de transducteur, dans le dispositif de stockage sur disque. 

35 

5. Appareil de mise en oeuvre du dispositif pour fournir un signal de correction a precompensation a un mecanisme 
d'entraTnement d'un actionneur rotatif dans un dispositif de stockage sur disque selon Tune quelconque des reven- 
dications precedentes. 



45 



50 



55 



12 



EP0 640 956B1 



FIG. 1 
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FIG. 3 
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FIG. 6 



OJ 

cc o 
o 

cc 

GC 



QC 
O 
U. 
Q 
UJ 
LU 
LU 



Q 

UJ 
rsi 



O 
i 



CVJ 

o 
I 















! I 
i i 














1 








































































! 

I 
















: 

I 
i 

! 




i 




i 
i 




0 2 


0 A 


3 6 


D 



SECTOR INDEX n 



FIG. 7 





CM 






O 




f— i 
K- 


CO 


CJ 




UJ 


o 


oc 




GC 




O 




O 




o 


1— 




Z> 




o 


o 






ZD 




(X 




ED 


? 


INI 




»-H 


GO 


-J 




< 


O 




1 


QC 




O 


OJ 


z 





It 



2 



i 



: 20 40 
PSEUD0 SECTOR INDEX m 



60 



16 



